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WVherphetogieal and physiological 
studies on fertilization in fish eggs 
do 
numerous considering the abundance 


not seem to have been so 


of fish species. This is probably due 


to the relatively few kinds of fish 


eggs which are. capable of being 
fertilized during a comparatively 
long -period in isotonic Ringer’s 


solution, except for those of the 
Oncor- 
the 
Mature eggs 


Salmo gairdneri, 
keta, 
medaka Oryzias latipes. 


salmonids 


hynchus O. masou and 
of salmonids are far too large and 
contain too much lipid and yolk to 
allow morphological investigation of 
fertilization phenomena. However, 


such eggs are very useful for obtain- 


ing relatively large amount of 
extracts from the vitelline and 
fertilization envelopes, since their 


purification is simple and cortical 
alveolar materials can be obtained 
from the The of 


O. latipes been’ important 


latter. eggs 


have 


to 
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materials for physiological research 
on fertilization phenomena in fish, 
because an isotonic solution for them 
has been developed (Yamamoto, 
1961), 


raised at a constant room tempera- 


and since the fish can be 


ture throughout the year in the 
laboratory. Thus experimenters are 
able to obtain mature eggs according - 
‘their o fi r 
research. However, since the number 


needs for fertilization 
of mature eggs that can be obtained 
from individual fish is limited, this 
species is not always suitable for 
extraction of large amounts of a 
Eggs 

carp, crucian carp, 


of the common 
goldfish, Tribo- 
and Plecoglossus 


substance. 
lodon hakonensis 
altivelis are useful as materials for 
morphological research on fertiliza- 
tion and the cortical reaction, as 
well as for obtaining various kinds 
of 


microbial materials. Therefore, it 


glycoproteins such as anti- 


is very important of preselect the 
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types of fish eggs needed for analysis 
of the fertilization and subsequent 
events and for the extraction of 
glycoproteins. | 

The so-called dry method is 
useful for artificial fertilization of 
fish eggs. This 
mingling of sperms and eggs, and 
then 
water or the fresh water. 


immersing them in the sea 
This 


method is very useful for research 


on morphological alterations in eggs 
during the process of fertilization 
by fixing them at various time 
intervals before and after immersion, 
and subsequently processing them 
according to the aim of the in- 
vestigation, whether it be enzyme- 
cytochemistry, immunohistochemis- 


try or electron microscopy. To 
clarify the relationship between the 
structure and function of fish eggs, 
we have extracted several substances 
from mature unfertilized or artifici- 
ally activated eggs of several fish 
species, purified them and used them 
for the agglutination tests with fish 
sperm or human erythrocytes, or the 
production of antbodies. Further- 
extracts from the vitelline 
envelope (VE) 
envelope (FE) have been used to 


and an- 


more, 


and fertilization 


investigate bactericidal 


tifungal actions. 


involves the direct 


MORPHOLOGY OF FISH EGGS 


Mature unfertilized eggs of 
teleosts are surrounded by a rela- 
tively thick VE, bearing a micropyle 
at the animal pole which is generally 
although there are 
some (Fig. 1). 
Spermatozoa can enter the egg only. 


On the egg 


funnel-shaped, 
species differences 


through the micropyle. 
surface just beneath the micropyle, 
a discreate structure is located 
within a restricted area surrounded 
by the aperture of the 
micropylar (Kudo, 1982a). 
This area has been identified as 
the ultrastructural site of sperm 


attachment and entry into the egg 


internal 
canal 


on the basis of its topographical 
internal aper- 
This is 
the target organ for a fertilizing 


relationship to the 


ture of the micropyle. 


spermatozoon on thé’ egg surface 
beneath the 
Species-specific 


canal. 
the 
sperm entry site have been shown 


micropylar 

features of 
in several species of teleost by 
scanning electron microscopy (SEM). 
The site in common carp eggs is 
recognized as a gentle cytoplasmic 
rise, bearing 19-27 cytoplasmic pro- 
jections. In Plecoglossus eggs, the 


sperm entry site resembles a 


doughnut on a plate, but has several 
In eggs 


morphological variations. 
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of Tribolodon hakonensis, the site 


forms 
16-23 projections of 
various thicknesses, and is surrounded 


a cytoplasmic rise, bearing 
cytoplasmic 


by a moat-like shallow groove (Fig. 


1). In rainbow trout (Salmo gaird- 
neri) eggs, the site consists of a 
several microvillus-like projections 
and microridges (Kudo, unpublished 


data). In eggs of Oncorhynchus keta 


Fig. 1. A micropyle and sperm entry sites in fish egg. A, The internal aperture 
of the micropylar canal in a common carp egg is wide enough to admit 
several sperm at once, judging from the size of the sperm head. The 
sperm head is in contact with one of the microvilli of the sperm entry 
site. X4,000. B, A sperm entry site in a common carp egg. x6,000. C, A 
sperm entry site in a Tribolodon egg. x6,000. D, A sperm entry sitein a 
Plecoglossus egg. X 12,000. 
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(Kobayashi and Yamamoto, 1981) 
and Fundulus heteroclitus (Brummett 
and Dumont, 1979), there is a small 
cytoplasmic projection on the egg 
surface at the sperm entry site. In 
eggs of the zebra danio (Hart and 
Donovan, 1983) and the rose bitter- 
ling (Ohta and Iwamatsu, 1983), the 
egg surface specialization at the 


sperm entry site is morphologically 


very similar to that of the common 
carp egg (Kudo, 1982a). 

| (about 2- 
28pm in diameter in eggs of the 
and goldfish) are 
located immediately beneath or at 


The cortical alveoli 


common carp 


some distance from a layer contain- 
ing a filamentous material and free 
ribosomes, subjacent to the plasma 


membrane, and are arranged in one 


Fig. 2. Cortical alveoli and an A-granule in a common carp egg. The cortical 
alveoli are positive for AcPase activity but the A-granule (arrow) is 


negative. 
positive. x25,400. 


The plasma membrane surface and lysosome (L) are also 
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or two layers (upper and lower). In 
the case of a double-layered arrange- 
ment, the cortical alveoli located in 
the upper layer are generally smaller 
than 
Irrespective of their size, however, 


those in the lower one. 
the basic internal structure is almost 
constant, with only a few exceptions. 
However, although species differences 
do exist in the structure of cortical 
alveoli, the variations are not so 
characteristic as to be unique to the 
species. In addition to cortical 
alveoli, A-granules (about 0.4-2 um 
in diameter in eggs of the common 
carp) exist in the cortical cytoplasm 
around the cortical alveoli (Fig. 2), 
and these have been confirmed in 
mature eggs of Cyprinus carpio, 
Carassius auratus (Kudo, 1978) and 
Tribolodon hakonensis (Kudo, 1982b). 
The cortical cytoplasm beneath the 
micropyle lacks cortical alveoli and 


A-granules (Fig. 1), and this has 


fish eggs 
A-granules in 


been confirmed in all 
investigated. The 
common carp and goldfish eggs are 


enzyme-cytochemically distinct from 


cortical alveoli, since they are nega- 
tive for acid phosphatase (AcPase) 
activity, and the 
Tribolodon eggs are distinguished by 
their negativity for both AcPase 


A-granules in 


and non-specific cholinesterase (ChE) 
(Table 1). 
suggest that the contents of cortical 


These enzyme activities 


alveoli may show species-specific 


enzyme-cytochemical differences. Al- 


though the reason for these differ- 


ences is unclear, it might be related 
to differences in the components and 
morphology of the VE, ‘since the 
contents of cortical alveoli contribute 
to FE formation. The common carp 
and goldfish are phylogenetically 
related, and the VEs of eggs of both 
species are ultrastructurally very 
similar, in addition to having some 


Table 1 
Cytochemical comparison of cortical alveoli with A-granules 
in three species 


Species Common carp Goldfish Dace Tribolodon 
Cytochemical \ CA A-gr. CA A-gr. CA A-gr 
AcPase P = p5 = B = 
pseudo-ChE — — — = T = 
Con A -+ + a NE NE 
PAS + F + + + + 


CA: cortical alveolus, 


A-gr.: A-granule, 


+: positive, —: negative, 


NE: not examined, PAS: periodic acid Schiff’s reaction. 
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common enzyme-cytochemical fea- 
tures in their cortical alveoli, but 
different from that of Tribolodon 


eggs. 


EGG RESPONSE TO SPERM 
PENETRATION 


Inseminated eggs respond to 
sperm penetration with the formation 
of a fertilization cone at the sperm 
entry site (Kudo, 1980, 1983a; 
Kudo and Sato, 1985). Transmission 
and scanning electron microscopies 
have revealed that the majority of 
inseminated eggs fixed without 
immersion fresh water fuse to each 
other through the sperm plasma 
membrane at the sperm entry site 
(Fig. 3). This suggests that mem- 
brane fusion between the two gametes 


is very rapid. 


At this stage, the 


cortical reaction is not almost 
initiated in eggs of the common 
carp, goldfish and Tribolodon. During 
this period a fertilization cone is 
formed from the antero-superior or 
superior part of the fused sperm 
head at the sperm entry site. The 
fertilization cone at the earliest stage 
appears on the fused sperm head as 
a small ball-like eminence. Within 
30 sec 


inseminated common carp eggs in 


after immersion of the 
fresh water, an earlier fertilization 
cone about 5-10 ym long and 3-4 ym 
thick appears on most of them. By 
the 40-sec stage, this earlier fertiliza- 


‘tion cone has grown to about 10- 


21 ym long, and the ball-like enlarged 
apex of the cone has reached the 
micropylar vestibule (Kudo, 1980), 


Fig. 3. Formation and retraction of earlier and later fertilization cones in 


fertilized common carp eggs. A, Both gametes at the sperm entry site 
were fixed after insemination without immersion in fresh water. x5,600. 
B, The gametes, which were fixed by the same method as in A, have 
fused to each other. 5,700. C, The earliest formation of an earlier 
fertilization cone at the 20-sec stage. The cone is seen as a dome-like 
eminence on the fused head. x5,600. D, An earlier fertilization cone at 
40sec much more mature than at the previous stage. 5,600. E, At the 
40-sec stage, the apex of an earlier cone has reached the micropylar 
vestibule through the micropylar canal. X2,300. F, Several spermatozoa 
lie on top of an earlier cone, probably without fusing with its plasma 
membrane. 40-sec stage. X1,440. G, A later fertilization cone at the 120- 
sec stage. The shortened earlier cone and a sperm tail are evident at 
the top of the later cone (arrow). X340. H, A later fertilization cone on 
which the earlier cone has completely retracted and only the sperm tail 
remains (arrow). 2-min stage. X340. J, A later cone that has changed 
into a gentle cytoplasmic eminence. The arrow shows part of the 
sperm tail. 2.5-min stage. x2,500. l 
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several sperm often lying in the 
apical area (Kudo and Sato, 1985). 
plasma 


However, the membrane 


of -these sperm is never able to 
fuse with the cone membrane, sug- 
gesting a difference in the nature of 
the membrane from that. of the 
sperm entry site before fertilization. 
It is not clear how the cone mem- 
brane acquires the ability to reject 
membrane fusion with a second or 
third spermatozoon. It seems impos- 
sible to explain the rejection mech- 
anism only by the fused sperm head 
membrane covering the fertilization 
cone, since the sperm head plasma 
membrane would be too small. The 
fertilization cone tends to shorten at 
the 60-sec As the 


shortens with time, a cytoplasmic 


stage. cone 
eminence resembling a very small 
volcano appears under and around 
the shortened earlier fertilization 
cone. At the 105-sec stage, the 
earlier cone, which has shortened 
of the 
This emin- 


considerably, lies on top 
volcano-like eminence. 
ence is referred to as a “later 
fertilization cone” hereafter. At the 
120-sec stage, the later fertilization 
cone has become higher, but parts 
of the sperm tail and the earlier 
cone are still evident on top of the 
later cone. At the 2.5-min stage, 


the later fertilization cone is observed 


in many eggs as a retracted cyto- 
plasmic eminence, from the top of 
which the tail 
At the 3-min stage, the 
later cone is observed as a gentle 


sperm extends 


upward. 
cytoplasmic eminence, and it is 
frequently impossible to detect any 
trace of the sperm tail. 

In fertilized eggs of the fish 
Plecoglossus altivelis, both earlier and 
later fertilization cones are formed 
continuously during a comparatively 
short period, so that they appear as a 
two-storied growth in the early stages 
of formation. This structure results 
from the fact that the later cone 


forms by elevation of the cytoplasm 


just beneath the growing earlier 
cone before the latter has retracted. 
This risen cytoplasmic area cor- 
responds to the plate-like area seen 
around the sperm entry site (Fig. 4). 
Retraction of the two-storied fer- 
tilization cone initiates from the 
earlier cone, as if this cone is 
absorbed into the top of the later 
one, followed by retraction of the 
and finally the tail 


retracts into a conical cytoplasmic 


later cone, 


eminence transformed from the later 
cone (Kudo, 1983a). About 50 to 
60 sec is required from the. occur- 
rence of the earlier fertilization cone 


until tail retraction at a water 
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Fig. 4. The formation and the retraction of earlier and later fertilization cones 
in fertilized Plecoglossus eggs. A, A fertilized egg fixed 10 sec after 
immersion in fresh water. This scanning electron micrograph shows 
the relationship between the eareliest growth of an earlier fertilization 
cone (large arrow) and the locatiòn of the sperm head (small arrow). 
A plate-like area is seen around the fused sperm. X9,000. B, An earlier 
fertilization cone in a fertilized egg fixed 15 sec after immersion in 
fresh water. The whole base of the cone has protruded some-what 
(arrow). X5,440. C, A two-storied fertilization cone consisting of earlier 
(upper growth) and later (lower growth) cones in a fertilized egg 
fixed 20 sec after immersion in fresh water. The sperm tail (arrows) 
extends from the top of the later cone and is in contact with the earlier 
cone. X4,400. D, Retraction of an earlier fertilization cone (arrow) and 
extension of a later cone in a fertilized egg fixed 30sec after immersion 
in fresh water. X4,500. E, Complete retraction of an earlier cone at the 
same stage as in D. The sperm tail extends from the top of the later 
cone. The plate-like area at the top probably corresponds to that around 
the sperm entry site. X4,500. F, A fertilization cone in a fertilized egg 
fixed 60sec after immersion in fresh water. The distal part of the sperm 
tail extends from the apex of the cone. x 4,500. 
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Fish eggs 
with fresh 
water show the cortical reaction and 


temperature of 15.5°C. 
activated by contact 


simultaneous elevation of the FE. 
However, neither an earlier nor a 
later cone is formed in such artifici- 
ally activated eggs. Cone forma- 


tion, therefore, seems to be a 
response of the egg cortex to sperm 
penetration, suggesting that it may 
be induced by a factor different from 


that inducing the cortical reaction. 


The question of which element(s) of. 


the sperm plays the most important 
role in cone induction remains to be 
clarified by further investigations. 


CORTICAL REACTION 
IN FISH EGGS 


The cortical reaction in fish eggs 
can be initiated by immersion of 
inseminated or artificially activated 
eggs It is well 


known that the breakdown of cortical 


into fresh water. 


alveoli progresses with propagation 
the 
through the cortical cyto- 


of an impulse, “fertilization 
wave’, 
plasm in eggs responding fertilization 
or artificial activation (Yamamoto, 
1961). , It has been demonstrated that 
the fertilization wave in the egg of 
the medaka, Oryzias, is propagated 
by calcium-stimulated calcium release 


from internal sources, probably the 


endoplasmic reticulum, using the 
photoprotein aequorin, which lumi- 
nesces at a rate dependent upon the 
concentration of free calcium (Gilkey 
et al., 1978). 

In inseminated carp eggs (Kudo 
and Sato, 1985), the cortical reaction 
progresses in the area surrounding 
the micropyle in 8.7% of inseminated 
eggs at 20 sec after immersion in 
and in 87.7% at the 
30-sec stage at a water temperature 
of 20-22°C. By 60 sec after immer- 


the 


fresh water 


sion, cortical reaction has 


propagated over the whole surface 


of the fertilized egg from the animal 
to the vegetal poles. In eggs where 
the cortical alveoli are arranged in 
two layers (upper and lower) these 
discharges into the perivitelline space 
initiate from the cortical alveoli in 
the upper layer, followed by dis- 
charge of the alveoli located in the 
lower layer. However, the difference 
in the time of their discharge seems 
to be due to the depth of the alveoli 
in the cortical cytoplasm rather than 
to an essential or functional differ- 
Further- 
more, the cortical alveoli, even those 


ence between the alveoli. 


in the upper layer, are not always 
discharged in order of their location 
from the animal to vegetal poles, 
and a fair number of the upper-layer 
alveoli are scattered randomly in the 
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cortical cytoplasm, even when the 
cortical reaction has propagated over 
the entire surface of the animal 
hemisphere. In common carp eggs, 
about 3-4 min is necessary for all 
the cortical alveoli located in the 
whole cortical cytoplasm to complete 
their discharge at 20-22°C. 
A-granules, which are located in 
the cortical cytoplasm around the 


cortical alveoli, begin to be dis- 
charged into the perivitelline space 
2.5min after fertilization, simul- 
taneously with or after exocytosis 
of the more deeply located large 
cortical alveoli in the case of a two- 
arrangement, or with 
exocytosis with the 
limiting membrane of the discharg- 


ing large alveoli (Fig. 5). About 


layered 
after fusion 


Fig. 5. Discharge of A-granules and occurrence of B-granules in common carp 
eggs. A, Simultaneous discharge of a large-sized cortical alveolus and 


an A-granule (arrow) 2.5min after fertilization. 
opened by fusion with the limiting membrane of the alveolus. 


The A-granule has 
The 


plasma membrane surface is negative for AcPase activity, since small- 
sized cortical alveoli, located nearer the egg surface than the larger 
ones, have already been discharged. X1,900. B, A large cluster of B- 


granules. 


The arrow shows an A-granule which has been discharged 


into the perivitelline space. x22,600. 
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10 min after fertilization, A-granules 
are scarcely found in the cortical 
cytoplasm, suggesting that they have 
all been discharged. On the other 
hand, a small number of B-granules 
(about 100-950 nm 
common carp eggs) occur as small 


in diameter in 


groups in the cortical cytoplasm one 
their 


number increases with time to reach 


min after fertilization, and 


a maximum about 10min after 
fertilization at a water temperature 
of 20-22°C, sometimes concentrating 
in large groups near the egg surface 
(Fig. 5). Their discharge into the 
perivitelline space starts about 5 min 
after fertilization, and is most con- 
eggs fixed 


fertilization 


spicuous in fertilized 


about 15min after 
(Kudo, 1976a). 


B-granules have been demonstrated 


Cortical alveoli and 


to originate from the Golgi 
apparatus, but the origin of A- 
granules is not yet clear. These 


three organelles, cortical alveoli, A- 
and B-granules, are positive for the 
periodic acid Schiff reaction (Kudo, 
1971, 1976b). In 
crucian carp and goldfish eggs, A- 


common carp, 
granules are distinguishable enzyme- 
cytochemically from cortical alveoli: 
the latter are positive for acid 
phosphatase (AcPase) activity, but 


the former are negative (Kudo, 1978). 
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B-granules are distinguishable from 
A-granules by positivity for non- 
specific cholinesterase (ChE) activity 
in the limiting membrane of the 
former, in addition to their occuz- 
rence in fertilized or artificially 
eggs. Furthermore, concanavalin A- 
binding sites are localized in cortical 
alveoli, but not in A- and B-granules 
(Kudo, 1982c). 


cortical alveoli 


In Tribolodon eggs, 


are negative for 
AcPase, but positive for non-specific 
ChE. Since A-granules in Tribolodon 
eggs are negative for ChE activity, 
they are distinguishable from the 
alveoli (Kudo, 1982b). 

Before and after the cortical 
reaction, the cytochemical nature of 
the plasma membrane surface alters. 
For example, the plasma membrane 
the mature 


surface of eggs of 


common carp and goldfish is positive 


for AcPase activity (Fig. 2), but 
the eggs 
becomes negative after the cortical 
In addition, the 
plasma membrane surface of mature 
eggs 
thorium, ruthenium red of phospho- 
tungstic acid (Fig. 6), whereas the 
membrane surface of fertilized or 
activated eggs does be stained (Table 
2; Kudo, 1983b). With colloidal iron 


surface of fertilized 
reaction (Fig. 5). 


is not stained with colloidal 


staining, deposits of colloidal iron are 


distributed heterogeneously on. the 
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plasma membrane of unfertilized or 
non-activated egg: there are few or 
no deposits of colloidal 
regions of the membrane overlying 
the cortical alveoli, implying that 
these plasma membrane regions have 
different from those of 
However, the mem- 


iron in 


properties 
other regions. 


brane surface of fertilized or acti- 


which have undergone 
shows homo- 


vated eggs, 
the cortical reaction, 
geneous deposition of colloidal iron. 


This indicates that the cortical 
reaction in eggs of the common 
carp, crucian carp and goldfish 


involves ultracytochemical modifica- 
tions of plasma membrane surface 


carbohydrates. It is very important 


Fig. 6. Cytochemical modifications of the plasma membrane surface before and 


after the cortical reaction in common carp eggs. 


Before the reaction 


(A), the surface does not stain with PTA, but after the reaction (B) it 


does. X 40,300. 
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Table 2 
= Comparison of the cytochemical reactions of the FE outermost 
layer, cortical alveolar contents and plasma 
membrane surface in carp eggs © 


ee Regions FE | Cortical alveolus FRARI a rane 
bn outermost eer aas Bie Ae 

Stains >s  layer____ Core Periphery Cortical reaction 
PTA + FEF + — +++ 

RR — — = = + 

Colloidal iron + + + + 4 
Colloidal thorium +++ +++ F — +++ 
AcPase l + + + + sic i 

Con A-peroxidase + -+ Æ + ao 

Cationized ferritin +++ +++ + + 

(discharged) 
+, positive; +++, strongly positive; —, negative; 


+, topographically positive and negative. 


to. clarify the components that con- 
tribute to these surface modifications. 
Up to now, it has been roughly 
demonstrated that the cytochemical 
modifications are not due to mere 
adhesion of the alveolar contents to 
the surface of the plasma membrane, 
but to exposure of material which 
is probably concealed in the internal 
surface of the limiting membrane of 
cortical alveoli and other granules 
as a result of turnover of the 
internal surface (Fig. 7; Kudo, 1983b). 

It is well known that the FE 
develops by transformation of the 


Fig. 7: The factors responsible for cytochemical modifications before and after 
the cortical reaction in common Carp eggs. 


preexisting VE with involvement of 


the cortical alveolus exudate. Eleva- 
tion of the FE is not due to more 
expansion of the VE forced by the 
osmotic pressure of colloid from 
cortical alveoli and subsequent per- 
meation of fresh water into the 
perivitelline space. The elevation 
process involves irreversible qualita- 
tive alterations (toughening) of the 
VE and changes in its ultrastructure. 
The fully elevated and completed 
FE never recovers the morphological 

the VE before 
after 


characteristics of 


elevation, even mechanical 


A, The inner surface of the 


limiting membrane of the discharging alveoli is partially stained with 
PTA (arrows). x6,400. B, The membrane of the discharging B-granule is 
not stained with PTA (arrow). X33,100. C, The completion of B-granule 
discharge results in a PTA-positive membrane surface (arrow). X33,100. 
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rupture. Furthermore, when in- 
seminated eggs of the common carp 
are transferred to fresh water con- 
taining 10mM EDTA within 30sec 
after immersion in fresh water, they 
discharge almost all of their cortical 
alveoli and form a very narrow 
perivitelline space. However, the 
average diameter shows no significant 
difference between mature unfer- 
tilized eggs and the above-mentioned 
fertilized eggs. The FE. formed in 


the presence of EDTA is últrastruc- 


turally similar to the VE, except 


for a few differences. This suggests 
that elevation of the FE as well as 
formation of the perivitelline space 
might not be due only to the osmotic 
pressure of the polysaccharide colloid 
derived from the cortical alveoli, 
but to the cooperative action of 
certain factors such as egg shrink- 
age caused by discharge of the 
cortical alveoli, penetration of water 


and electrolytes into the perivitelline 


space as a result of the colloid 


Fig. 8. Differences in the outermost layer of the VE 
common carp eggs. X27,300. 
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Fig. 9. Immunostaining with antibody against perivitelline space fluid in 


Tribolodon eggs. 


A, The cortical alveoli, particularly these cores, in 


an unfertilized mature egg are more strongly immunostained, but the 
vitelline envelope (VE) is negative. x620. B, The fertilization envelope 
surface is immunostained with the same antibody. x620. 


osmotic pressure and possibly Ca** 
(Mg**)-dependent 
tained in the cortical alveolus exud- 


enzyme(s) con- 
ate, making extension of the VE 
possible by partial degradation. The 
crucial difference between the VE 
and FE is seen in the outermost layer 
(Fig. 8), in addition to the differences 
in thickness and toughening. Human 
B-type erythrocytes bind weakly to 
the FE surface, but not to the VE 
(Kudo and Inoue, 1988). This is 
caused by complete replacement of 
the VE outermost layer with the 
cortical alveolus exudate. Therefore, 
the outermost layer of the FE is 
immunostained with antibody against 
perivitelline space materials, whereas 
the VE outermost layer is not (Fig. 
9). The significance of this replace- 


ment will be referred to in detail 


later. 


POLYSPERMY-PREVENTING | 
MECHANISM 


The micropyle in the VE of fish 
eggs micropylar 


vestibule and a micropylar canal. 


consists of a 


In most of the following fish species, 
the internal micropylar aperture of 
the canal is only wide enough for 
On- 
and 


passage of one spermatozoon: 
keta (Kobayashi 
Yamamoto, 1981), Brachydanio rerio 
(Hart and Donovan, 1983), Fundulus 
heteroclitus (Brummet and Dumont, 
1979), trutta 
(Ginsburg, 1963) and the rose bitter- 
ling Rhodeus ocellatus (Ohta and 


corhynchus 


Salmo and S. salar 
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1983). Therefore, poly- 


spermy prevention in fish eggs has 


Iwamatsu, 


been considered to be due to the 
size of the micropyle. In common 
carp eggs, 
aperture of the micropylar canal is 


however, the internal 


wide enough to admit several sperm 
at once (Kudo, 1980, 1988), since the 
about 


internal aperture 


and the head of the carp 


averages 
5 um, 
sperm about 24pm in 
diameter (Fig. 1). 
‘no case polyspermy has been found 


dry 


averages 
Nevertheless, in 
in eggs inseminated by the 
method, 
electron microscopy, within 


as revealed by scanning 
1 min 


after insemination and subsequent 


immersion in fresh water. A subst- 
ance from the the micropylar region 
has been reported to enhance sperm 
motility in several fish (Yama- 
moto, 1961; Laale, 1980). 
the micropylar region might be a 
directing 
with an 


Therefore, 


chemotactic area for 


fertilizing spermatozoa 
attractant from the egg, since the 
chromosomes which will constitute 
a female pronucleus after fertiliza- 
tion, exist near the cortical cytoplasm 
beneath the and the 


lacks alveoli 


micropyle, 
cytoplasm cortical 
whose exudate causes sperm ag- 
glutination (or prevention of fertiliza- 
tion). If this consideration is valid, 
then the 


micropyle is of great 


importance as a specialized structure 
responsible for sperm attraction and 
entrance rather than being respon- 


sible simply for monospermy. 


From such a viewpoint, we 
must first take into consideration a 
specialized conformation, the sperm 
entry site, beneath the micropylar 
canal in fish eggs as one of the 
factor responsible for the polyspermy- 
preventing mechanism (Kudo, 1980, 
1982a, 1983a). 


microscopy has 


electron 
that a | 


Scanning 
revealed 


specialized conformation exists as a 


target organ for fertilizing 
matozoa on the egg surface, and 
that it is localized in a restricted 
central portion of the circular surface 


sper- 


area surrounded by the internal 
aperture of the micropylar canal. 
This localization reduces the target 
area for fertilizing spermatozoa, 
size of the 
This 


seems to 


irrespective of the 
micropylar internal aperture. 
localization, therefore, 
provide an effective site for fertiliza- 


tion by one sperm alone from among 


available spermatozoa and to play 
an important role for preventing 
polyspermy. It is also necessary to 
consider the earlier fertilization cone 
as one of the factors responsible for 
On the 


side of the cone 


prevention of polyspermy. 
apex or lateral 
several spermatozoa are frequently 
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present, but these are never able to 
fuse with the cone membrane (Kudo, 
1980; Kudo and Sato, 1985). This 
suggests that the plasma membrane 
of the fertilization cone may lack 
the specialization required for fusion, 
thus also playing a very important 
role in polyspermy prevention. Fur- 
thermore, the growth of the 
fertilization cone probably results in 
the pushing out or exclusion of 
supernumerary sperm from the 
micropylar canal, at the same time 
preventing their penetration into the 


egg before the cortical reaction has 


started. The fertilization cone 
subsequently retracts during the 
cortical reaction, allowing sperm 


to the perivitelline space; 
may 


access 
a few supernumerary sperm 
enter the space, but do not fertilize 
the egg. When cone retraction has 
been initiated, a narrow perivitelline 
space formed under the micropyle 
fills with cortical alveolus exudate, 
which has the ability to agglutinate 
spermatozoa (Kudo, 1988). The 
exudate-adherent or -coated sperm 
head would probably be unable to 
fuse with the plasma membrane of 
the fertilized egg. This sperm 
agglutination seems to be a function 
of the perivitelline space fluid for 
preventing polyspermy in fish eggs. 
A substance responsible for sperm 


has recently been 


agglutination 
purified from eggs of the common 
carp and Tribolodon, and found to 
be a sialoglycoprotein containing a 
large amount of sugar (Kudo et al., 
1987, 1989). An antibody against the 
substance immunohistochemically 


stained a within the 


structure 
cortical alveoli. 
It is well that the 
micropylar canal may become sealed 
during or after the cortical reaction 
in eggs of various kinds of fish such 
as Fundulus (Brummett and Dumont, 
1979), Oryzias (Yamamoto, 1961), 
trout (Szöllösi and Billard, 1974) and 
common carp (Kudo, 1982c, 1988). 
The sealant may be material releas- 
ed from the cortical alveoli. Further- 


known 


more, narrowing of the canal lumen 


is known to occur in chum salmon 
eggs 5 min 
(Kobayashi 

This sealing and 
probably not related to polyspermy 
after 


after. — fertilization 
and Yamamoto, 1981). 
narrowing are 


prevention, since they occur 
prevention has been established. It 
is also known that inseminated or 
activated eggs become polyspermic 
after removal of the FE in fish 
species such as the herring (Yana- 
gimachi, 1957), bitterling (Yamamo- 
to, 1961), mud loach (Yamamoto, 
1961) and Oryzias (Sakai, 1961). 
This does not necessarily imply that 
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the FE is of crucial 


importance for 


in fish eggs 
preventing poly- 
spermy, since removal of the FE 
may lead to loss or washing away 
of the previtelline space fluid, which 
has the ability to agglutinate fish 
spermatozoa, and such removal never 
occurs in nature until the embryo 
-has hatched. On the basis of the 
data reported to date, it seems 
safer to conclude that the FE is of 
crucial importance for defending the 
embryo from noxious micro- 
organisms, and presumably also for 
maintaining a particular environment 
for the embryo rather than tor 


blockin g of polyspermy. 


It has been found that the egg’s 
which 


plasma membrane potential, 
is triggered by fertilization, functions 
as a fast block to polyspermy in 
echinoderms (Jaffe, 1976; Miyazaki 
and Hirai, 1979), echiurans (Gould- 
Somero et al., 1979), and amphibians 
1978; Grey 
In eggs of 


(Cross and _ Elinson, 
and Schertel, 1978). 
however, there is no elec- 
trical block to polyspermy 
when the membrane potential 1S 
values 


Oryzias, 
even 


clamped to large positive 
(Nuccitelli, 1980). Such an electrical 
fast block to polyspermy may not 
be necessary for fish eggs, since 


sperm entrance into the egg is 


restricted to the micropyle. 


DEFENSE MECHANISMS 
AGAINST NOXIOUS 
MICROORGANISMS 


Various kinds of bacteria, viruses 
and fungi are present in the sea or 
the fresh water surrounding the FE 
protecting the embryo, and these 
would be expected to release dif- 
ferent kinds of enzymes, some of 
which might efficiently digest the 
FE, even though this would be only 
partial digestion different in nature 
that of a hatching enzyme. 
the FE must protect 


from 
Nevertheless, 


the embryo until it hatches out. It | 
is very important to clarify what 


sort of factors in the FE make 
protection of the embryo possible. 
We have found crucial differences 
between the two outermost layers of 
the VE and the FE, as revealed by 
electron microscopy, enzyme- or 
carbohydrate-cytochemistry and im- 
munohistochemistry (Kudo, 1982e). 
The FE outermost layer is a feature 
newly acquired through the cortical 
reaction by replacing the VE outer- 
most layer with deposits of materials 
from the cortical alveolus exudate. 
It would be interesting to clarify the 
role of this factor on the FE surface. 
We attempted to extract the outer- 
most layer material from purified 


FEs. The lyophilized extracts from 
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FEs of six kinds of fish species had 
strong bactericidal effects on either 
Aeromonas hydrophila or Vibrio anquil- 
larum (Kudo and Inoue, 1986, 1989). 
A FE extract exerting a bactericidal 
effect on both bacteria has not yet 
been found. FE extracts from eggs 
of Salmo gairdneri and Tribolodon 
hakonensis have a bactericidal effect 
on A. hydrophila, and those from 
carpio, leuco- 


Cyprinus Salvelinus 


maenis, Oncorhynchus masou and 
Plecoglossus altivelis act on V. anguil- 
larum (Table 3). All the FE extracts 
examined to date have no bactericidal 
effect on Escherichia coli. The bac- 
tericidal effect appears to be due 
to bacteriolysis, judging from electron 
micrographs of bacteria which have 
been treated with the FE extract, 
but the material(s) responsible for 
the bacteriolysis has not been 
identifed. Furthermore, 


demonstrated that FE extracts have 


we have 


antifungal or fungicidal action on 
the fungus Saprolegnia 
(Fig. 10), which is 
agent of mycosis in an overwhelming 
majority of fish and fish eggs 
(Tiffney, 1939; Scott and O’Bier, 
1962). The action was enhanced by 
prolonging the incubation time of a 
suspension containing the FE extract 
and pieces of the fungus mycelium 
at 30°C. Incubation for 6hr con- 
siderably inhibited the growth of 
hyphae from the mycelial suspen- 
sions; a 12-hr incubation resulted in 
poor growth of short hyphae from 
the few remaining mycelial pieces 
even 48hr later. After 24hr there 
was a complete inhibition of growth 
in mycelial suspensions except in a 
We then examined the 


parasitica 
the causative 


few cases. 
types of enzymes present in the FE 
extracts, using an agar plate assay 
for enzyme activities. The results 
suggested that the FE extracts may 


Table 3 
The relationship between bactericidal action of fertilization 
(or vitelline) envelope extract from fish eggs 
and bacterial species 


A. hydrophila V. anguillarum E. colt 
Cyprinus carpio FE (VE) —(—) +(—) as) 
Plecoglossus altivelis FE (VE) —(—) Sy ae = 
Salmo gairdneri FE (VE) +(—) —(—) sis) 
Tribolodon hakonensis FE (VE) +(-~) —(—) zat 2) 
Salvelinus leucomaenis FE (VE) ==) Ss) sis) 
Oncorhynchus masou FE (VE) —(—) +(—) —(—) 


+, bactericidal; —, non-bactericidal. 


334 Shigeharu Kudo 


Fig. 10. Antifungal effect of FE extract 


on hyphal growth from mycelial pieces. 


aaa ae 


A, Mycelial pieces incubated for 12hr with a suspension containing the 


FE extract (10mg/ml PBS) from rainbow trout eggs. 


Hyphal growth 


is seen in only a few mycelia. B, Control preparation incubated for 
24hr with mycelial pieces alone in 5}0mM PBS (pH 7.0) without the FE 


extract. 


The surface of the Petri dish is filled with grown hyphae. 


These were photographed 48hr after plating. 


contain enzyme activities responsible 
for digesting each of ten kinds of 


substrate tested (carboxymethyl- 
cellulose, ecarboxymethylchitin, la- 
minaran, lichenan, xylan, mannan, 


dextran, casein, Micrococcus lysodetk- 
ticus dried cells, and barley f-glucan), 
forming a halo around each well 
(Fig. 11). 
not only that the FE extracts may 
cellulase (CM-cellulase), 
(CM-chitinase), £-1,3-glu- 


canase (or laminaranase), £-1,3(4)- 


These findings indicate 
contain 


chitinase 


glucanase (or lichenase), xylanase, 
mannase, dextranase, protease and 
lysozyme activities, but also that 
FE extract may have the ability to 


actively protect the embryo by 


attacking bacteria and fungi. The 


presence of these enzyme activities 
in all the FE 
extracts tested, irrespective of whe- 


has been confirmed 
ther the extract has bactericidal 
activity against Aeromonas or Vibrio. 
The enzyme activities are resistant 
to boiling or autoclaving, except for 
lysozyme activity. However, treat- 
ment of the FE extract with pronase, 
but not with trypsin, abolishes its 
enzyme activites. VE extracts, which 
were extracted by the same method 
as that for purified FEs of the 
above-mentioned fish had 
neither bactericidal nor antifungal 


species, 


or fungicidal actions and revealed 


little or no halo formation in an 
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agar plate containing one of the 
substrates tested. 

In eggs of the fish Tyribolodon 
hakonensis, peroxidase activity has 
been demonstrated cytochemically in 
the VE and FE (Kudo et al., 1988). 
During the elevation of the FE, the 
peroxidase activity is translocated 
into the first layer of the FE from 
the second layer, but the activity 
remains unchanged. A purified and 
lyophilized VEs- or FEs-Nal-H,0, 
system exerted a bactericidal effect 
on three bacterial species, A. hydro- 
phila, V. anguillarum and E. colt. 
When the purified FEs or VEs were 
processed to extract the outermost 
(first) layer material overnight at 
4°C in 5mM Tris-HCl buffer (pH 7.0) 
containing 8mM 2-mercaptoethanol, 
2mM EDTA, 0.3M a-lactose, 0.3 M 
glucose and 0.9% NaCl, peroxidase 
activity was lost from FE or VE 
extract. Nevertheless, the FE extract 
exerted a bactericidal effect on A. 


hydrophila (Kudo and Inoue, 1986) 
and an antifungal or fungicidal 
action on S. parasitica. Therefore, 


it is conceivable that the mechanism 
responsible for the bactericidal action 
of the FE extract from Tribolodon 
eggs may differ from that of a 
peroxidase-Nal-H,0, system, sug- 
gesting that the FEs of Tribolodon 


eggs may possess an inherent me- 


double 
defense effect in the protection of 


chanism for exerting a 
the embryo. | 

Judging from the results obtained 
thus far, cortical alveoli may con- 
tribute to FE 
agglutination and polyspermy-pre- 


formation, sperm 


venting and = anti-microbial me- 


chanisms. Furthermore, the function 
of the FE may be to insulate and 
to protect embryo against environ- 
mental hazards by actively attacking 
microorganisms, as well as acting 
as a physical barrier. Thus 
important to clarify further 


alveoli, 


it is 
very 
the functions of cortical 
since this might help to answer the 
following questions or problems. 1) 


What are the possible effects of 


fluid on the 
embryo itself or embryogenesis as 
2) What 
is a substance (or receptor) on the 


perivitelline space 


an environmental factor? 


sperm surface, which a sialogly- 
sperm 
3) What 


is the significance of species differ- 


coprotein responsible for 


agglutination recognizes? 
ences in enzyme-cytochemistry of 
the cortical alveolar contents? 4) 
What is the mechanism by which 
the FE 


height? 5) Further studies on defense 


is elevated to a constant 


mechanism at the molecular level 
may provide clues to the nature of 
bactericidal activity of FE extracts 


Fertilization and Subsequent Events in Fish Eggs 337 


against either Aeromonas or Vibrio, 
and may facilitate the production of 
fish that are resistant to various 
kinds of bacterial 
transfer of gene(s) related to bac- 
tericidal activity into the egg. 


diseases by 


CONCLUSION 

There is a single micropyle in 
the VE of teleostean eggs, which is 
the only site of spermatozoan entry 
into the egg. A specialized con- 
formation (sperm entry site) exists 
on the surface just beneath the 
-micropyle as a target organ for 
the fertilizing spermatozoon, showing 
species-specific features. 

In mature eggs of a few fish 
species examined, A-granules exist 
in the cortical cytoplasm, in addition 
to cortical alveoli, both being cyto- 
chemically distinguishable from each 
other. B-granules also occur in the 
cortical cytoplasm as groups after 
initiation of the cortical reaction, 
formed by the Golgi apparatus. 

Inseminated eggs of several fish 
respond to sperm penetration by the 
formation of earlier and later 
fertilization cones at the sperm entry 
site. The earlier cone occurs on the 
superior part of the fused sperm 
head as a small ball-like eminence, 


and grows with time to reach the 


micropylar vesitbule through the 
micropylar canal. The cone membrane 
acquires the ability to reject mem- 
brane fusion with supernumerary 
spermatozoa. While the cone shor- 
tens with time after initiation of the 
cortical reaction, the later cone 
occurs . as a cytoplasmic eminence 
resembling a very small volcano 
beneath the shortened earlier cone. 
By 3min after fertilization, the later 
cone retracts to become a gentle 
cytoplasmic elevation. 

The plasma membrane surface 
in fish eggs shows cytochemical 
modifications before and after the 
cortical reaction. These modifica- 
are caused by. exposure of 


internal 


tions 
materials concealed in the 
surfaces of the cortical alveoli and 
other granules. 

Polyspermy prevention in fish 
eggs may be achieved by synergistic 
interaction of the following factors 
to form a series of mechanisms: 1) 
limitation of sperm entry into the 
egg (presence of the micropyle), 2) 
the presence of a specialized struc- 
ture, the “sperm entry site”, on the 
egg surface beneath the micropyle, 
3) the formation of an earlier 
fertlization cone that excludes super- 
numerary sperm and pushes them 
out of the micropylar canal, and 
simultaneous rejection of fusion with 
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supernumerary spermatozoa, and 4) 
the agglutination of supernumerary 


sperm by the perivitelline space 
fluid. 
There are crucial differences 


between the two outermost layers of 
the VE and the FE in fish eggs, as 
revealed by electron microscopy, 
enzyme- or carbohydrate-cytochemis- 
try and immunohistochemistry. The 
FE outermost layer is newly 
acquired during the cortical reaction 
by replacement of the VE outermost 
layer with deposits of the cortical 
alveolus exudate. FE extracts from 
six kinds of fish species have strong 
bactericidal effects on either Aero- 
monas hydrophila or Vibrio anguil- 
larum and an antifungal or fungici- 


dal action on the fungus Saprolegnia 


parasitica. However, VE extracts 
have no such actions. Furthermore, 
the FE extracts have been de- 


monstrated to contain the following 
enzyme activities using 
plate assay: cellulase (CM-cellulase), 
chitinase (CM-chitinase), 8-1,3-glu- 
canase (or laminaranase), §-1,3(4)- 
glucanase (or lichenase), xylanase, 


an agar 


mannase, dextranase, protease and 


lysozyme. 
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